Abstract A 20 year coastal altimetry data set (X-TRACK) is used, for the first time, to gain insight into the 
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To cite this version: (Astraldi et al., 1996 . This dynamics of water masses is modulated by its regional mesoscale variations, 36 wind forcing, mixing processes (e.g., Lermusiaux & Robinson, 2001; Manzella et al., 1988; Stansfield et al., 37 2003) and largely constrained by the complex topography of the SC (e.g., Astraldi et al., 1999; Napolitano 38 et al., 2003) . Several recent studies following the detection in the 1990s of the Eastern Mediterranean sient (e.g., Roether et al., 2014) have highlighted the SC as a key area to follow major changes in the terranean Overturning Circulation (e.g., Gasparini et al., 2005; Malanotte-Rizzoli et al., 2014) .
We focus here on the surface circulation that regulates the AW path toward the Ionian Sea and Levantine 42 basin. In the pioneering works, the AW was always considered flowing South East from Sicily toward the 43 Libyan coasts (Lacombe & Tchernia, 1972; Nielsen 1912; Ovchinnikov, 1966) . Recent studies using drifters 44 (Poulain & Zambianchi, 2007) , numerical simulations (B eranger et al., 2004) or coastal altimetry (Jebri et al., 45 2016) have depicted more complex circulation patterns ( Figure  F1  1a ) with much of the AW feeding two main 46 streams, the Atlantic Ionian Stream (AIS) flowing south-eastward close to Sicily (Buongiorno Nardelli et al., 47 Figure 1. (a) Scheme of the main Atlantic waters circulation features at the upstream and over the Sicily Channel based on Jebri et al. (2016) . Acronyms are listed in Table 1 . The altimetry tracks (044, 059, 135, 161, 222, and 237 ) from the T/P 1 J1 1 J2 mission and crossing the study area are shown in green dashed lines. The 200 m isobath (pink solid line) is from ETOPO2v1 global gridded database. (b) Mean absolute geostrophic cross-track velocities computed from the selected TP 1 J1 1 J2 altimetry tracks over the period 1993-2013. 49 and Sidra, i.e., the Atlantic Libyan Current (ALC) (e.g., Jebri et al., 2016) . This complex circulation has a 50 marked seasonal component mainly driven by the AW transport seasonality, which is more intense in winter 51 (November-February) and minimum in August (Gasparini et al., 2007; Manzella, 1994; Rinaldi et al., 2014) . 52 Recently, using 20 years of altimeter data and concurrent sea surface temperature images, Jebri et al. (2016) 53 showed that the impact of the AW flow seasonality on the surface circulation of the SC results mainly in the 54 strengthening of the ATC and ALC branches nearby and over the Tunisian shelf during winter. 55 Nevertheless, many questions still remain open about the interannual component of the SC surface circula-56 tion. Numerical modeling studies have mostly focused on a restricted part of the Central Mediterranean 57 (e.g., Jouini et al., 2016; Pinardi et al., 1997) , while sparse in situ based studies remain spatially limited to the 58 SC entrance (e.g., Ben Ismail et al., 2012 Ismail et al., , 2014 Sammari et al., 1995) or to the northwestern part of the chan-59 nel (e.g., Bonanno et al., 2014) . The previous works of Buongiorno Nardelli et al. (1999 Nardelli et al. ( , 2006 have demon-60 strated the potential of standard altimetry for the estimate of currents inside the SC. While long time series 61 of reprocessed altimetry data are now available over the entire Mediterranean Sea, no attempt was yet 62 made to study the interannual variability of the regional circulation in the SC from altimetry as it has been 63 the case for other areas with narrow coastal boundary currents, such as the Liguro-Provenc¸al Current in the 64 North Western Mediterranean (Birol et al., 2010; Bouffard, 2007 ) and the Navidad current along the northern 65 coast of Spain (Le H enaff et al., 2011) .
The main objective of this work, then, is to investigate the interannual variations of the surface circulation 67 over the entire SC from a long-term (20 years) improved regional along-track altimetry data set recently 68 developed and validated (Jebri et al., 2016) . To this aim, the interannual variability of the altimetry-derived 69 surface currents spatial is first documented through space/time diagram analysis. In a second time, the vari-70 ability of the AW volume transports related to these surface current patterns is quantified using an empirical Jason-1, and Jason-2 altimetry missions (hereafter called T/P 1 J1 1 J2) along six satellite tracks crossing the 82 Central Mediterranean Sea (044, 059, 135, 161, 222, and 237; see Figure 1a) . We used an experimental post-83 processed Sea Level Anomaly (SLA) altimetry product (X-TRACK) computed by the CTOH (Centre de Topo-84 graphie des Oc eans et de l'Hydrosphère) and distributed by AVISO (http://www.aviso.altimetry.fr/en/data/ 85 products/sea-surface-height-products/regional/x-track-sla.html). The X-TRACK data are generated with a 86 specific regional reprocessing algorithm improving the quality and availability of coastal altimetry data (e.g., 87 Birol et al., 2010; Bouffard et al., 2011; Durand et al., 2008) .
AQ5
The method details can be found in Roblou et al., 88 (2011) or on the AVISO1 website. This altimetry product holds short spatial scale variations (along-track 89 loess filter with a 40 km wavelength cutoff) and a high-resolution tidal correction derived from a regional 90 version of the MOG2D model. It is noteworthy that no long wavelength error correction was used in 91 X-TRACK to remove correlated noise due to orbit errors or uncertainties in geophysical corrections. Absolute 92 Geostrophic Velocity (AGV) along the selected tracks is computed from the Absolute Dynamic Topography 93 (ADT) following the method described in Jebri et al., (2016) . We have computed the X-TRACK ADT by adding 94 the regional Mean Dynamic Topography (MDT) (Rio et al., 2014) to the X-TRACK SLA. To minimize the noise 95 impact when computing the across track AGV, we smoothed the ADT by the optimal filter of Powell and 96 Leben (2004) at a four point size (i.e., 25 km) in accordance with the small baroclinic Rossby radius of defor-97 mation in the study area (15 km, Borzelli & Ligi, 1998) . Such an optimal filter is expected to result in a slope 98 noise standard deviation of 2-4 cm/s in the geostrophic velocity fields (Powell & Leben, 2004) . For detailed 99 information about the validation of the X-TRACK, data set over the study region please refers to Jebri et al.
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(2016). Here we only note that the estimated accuracy of altimetry-derived currents by comparison with 101 48 h moored current meter data of 8 cm/s (see Jebri et al., 2016 ) is reduced to 5 cm/s when the data 102 sets are 90 days low-pass filtered (i.e., at interannual scale). were sampled in spring and fall months. Winter data were available only during , 1996 information about the sampling details of the oceanographic cruises (periods, number of casts, and sta-114 tions) can be found in the SeaDataNet website or in Sammari et al. (1999) and Ben Ismail et al. (2014) . Based 115 on the classical dynamic method (Schilchtholz, 1991) , the temperature and salinity fields of the available 116 CTD data are used to compute the surface dynamic heights and estimate the in situ surface geostrophic 117 currents, as in Ben Ismail et al. (2012 Ismail et al. ( , 2014 , with a 320 m reference level for the deeper CTD casts (300 dbar 118 in Buongiorno Nardelli et al., 1999 Nardelli et al., , 2006 and the bottom depth for those on shallower bathymetry. 119 We also considered a sea surface temperature (SST) reprocessed product based on AVHRR Pathfinder Ver- to 71% (see Table  T2 2). Due to this lack of clearly dominating spatial patterns for 132 most of tracks, the analysis of the related current patterns may be ambiguous to 133 interpret from track to track and preclude any synoptic view over the whole area. 
Model Equations and Tuning

226
Building on the work of Han and Tang (2001) , the total volume transport (T) is the sum of the barotropic 227 (T BT ), baroclinic (T BC ), and Ekman transport (T E ). The altimeter-derived current velocities obtained from 228 along-track ADT assuming geostrophy (Bouffard et al., 2008; Jebri et al., 2016) are not thought to include 229 the Ekman component of the surface circulation, which must be treated apart. More, the Ekman transport 230 concerns only the first meters of the surface layer and its impact should be insignificant in comparison to 231 that of the geostrophic transport (e.g., Bouffard et al., 2010) . Nevertheless, it will be discussed later. The lation. In practice, density data are required in addition to the altimetric velocities to quantify properly the 237 barotropic and the baroclinic transports (e.g., Fofonoff, 1962; Han & Tang, 2001 ). Buongiorno Nardelli et al. 
252 where x 0 and x end stand for the start and end of each part of a track so that a ''track-closed-box'' is formed.
253
Z max is the reference depth of integration, adjusted to bathymetry (derived here from the global ''Etopo01'' 254 data set) in the shallow portion of the track (i.e., when Z bathy is less than Z max ). The distribution of the geo-255 strophic current with depth is defined, from the altimetry AGV, assuming an exponential-like (secant hyper-256 bolic) depth-dependency: Onken et al., 2003; Sammari et al., 1995) . It is reduced inside the SC (118E-138E; 36.58N-37.88N) 272 where the LIW counterflow at depth limits more the vertical extension of the AW flow. The interface 273 between the two opposite flows is not homogenous and is often defined by a salinity range of 37.8-38.2, 274 depending on authors, as between 100 and 150 m depth (e.g., Astraldi et al., 1996; Grancini & Michelato, 275 1987; Onken et al., 2003; Sammari et al., 1995) . An AW/LIW interface depth of 125 m was also observed in 276 for boxes 2 and 5, respectively (see Table 3 ). Lastly, the Z max parameter was set then at 200 m west 287 (<11.308E) and at 125 m inside (11.308E) of the SC as these values gave the better long-term residuals for 288 most of the boxes. 1994, 1998, 2000-2001, and 2012. 406 The flow across track 059 is almost always directed eastward, which enhance the hypothesis of a significant 407 part of the ATC flowing on the shelf toward the Gulf of Gabes (see Jebri et al., 2016) . Its variability is not as the long-term averaged transport budgets gave low residuals, at least for the boxes over the deepest 431 areas, and mean transports are in the range of previous estimates for the AC flow (0.5-1.5 Sv) at the 432 entrance or inside the SC (e.g., Astraldi et al., 1996; Buongiorno Nardelli et al., 2006; Onken et al., 2003; Sam-433 mari et al., 1995) . Budget uncertainties for boxes 3 and 5 over shallow areas, however, show the limits of 434 such altimetry-derived approach, requiring thus to be discussed in-depth. 435 First, although the altimetry product used here is posttreated for coastal zone applications, errors of SLA 436 estimates at endpoints could be crucial for narrow coastal jet, especially the ALC that is thought to be insuf- (Ciappa, 2009; Gerin et al., 2009; Jebri et al., 2016; Poulain & Zam-444 bianchi, 2007; Sorgente et al., 2011) , there is no reason for its vertical structure to be similar to the AW 445 related geostrophic currents, such as the ATC and AIS. This also questions the hypothesis of a constant baro-446 clinicity for all tracks, as significant variations of the AW/LIW interface depth in the center of the SC was 447 observed from hydrographic data at different time scales ranging from weeks to seasons and even up to 448 multiyear (e.g., Ben Ismail et al., 2012 Ismail et al., , 2014 Sammari et al., 1995) . Table  T4 (Fernandez et al., 2005; Larnicol et al., 2002) . Some elements to support our results may be 474 found in the 11 years study of eddy kinetic energy from altimetric data of Pujol and Larnicol (2005) of wind stress and bathymetry constraints over the Adventure Bank (e.g., Bonanno et al., 2014; Grancini & 507 Michelato, 1987; Piccioni et al., 1988) . B eranger et al. (2004) and Jouini et al. (2016) argue that this upwelling 1994 , 1998 , 2000 , and 2012 Oscillating System (BiOS) dynamics (Gačić et al., 2013 (Gačić et al., , 2014 . The BiOS anticyclonic mode intensifies the 551 spreading of the AW into the northern Ionian while the cyclonic situation implies a wider spreading of AW 552 in the southeastern basin (Bonanno et al., 2014) . Knowing that tracks 044 and 135 catches a part of the Mediterranean circulation (Rixen et al., 2005; Vignudelli et al., 1999) or even the local winds. Cardin et al. 559 (2015) argue that the relaxation phase of the EMT lasted for the last 20 years, while Gasparini et al. (2005) 560 suggest that a further EMT evolution can be diagnosed after 1999 at the entry of the SC with a decrease 561 (increase) of AW (LIW) salinity of similar magnitude as in 1992-1993. The resulting salinity horizontal varia-562 tions and density gradients would then induce intense surface currents (by geostrophy) and the eastern 563 basin would be reached by fresher surface water during a higher EMT like phase (Gasparini et al., 2005) . possibly different among subregions (e.g., Rixen et al., 2005) or interacting with the BiOS (e.g., Pinardi et al., 571 2016) or the EMT (e.g., Tsimplis & Josey, 2001 ).
572
Although regional AW structures in the SC are mainly driven by large-scale thermohaline circulation, the 573 winds may have a significant role. The geostrophic component of the circulation is not directly influenced 574 by the local winds, but rather indirectly via the baroclinic instabilities (Omrani et al., 2016) . As such, the 575 intense north-west summer winds contribute in the generation of the upwelling off Sicily and influence the 576 variability of the AIS flow (Sorgente et al., 2011) . Other studies (e.g., Poulain & Zambianchi, 2007) where s is the along-transect component of surface wind stress, q w is the density of seawater (assumed con-583 stant at 1024 kg m 23 ), and f is the Coriolis parameter. The quadratic stress law of Large and Pond (1981) 584 was used to obtain wind stress from wind velocity:
where q a (1.225 kg m
23
) is the air density and the dimensionless friction coefficient C d is taken as 0. 0013 586 for U wind <11 m s 21 (Large & Pond, 1981) as it is the case for the Sicily Channel. According to the model of 587 Omrani et al. (2016) relevant surface winds in the region were typically from the northwest at 6-10 m s 21 .
588
Following equation (5) would not affect our budget on the low frequency, i.e., from the seasonal to the interannual time scale (Han 593 & Tang, 2001) . Anyhow, our knowledge about the contribution of local changes in winds in the interannual 594 current and transport variations over the SC is yet to be refined. regional atmospheric forcing and mesoscale activity) and external (e.g., atmospheric and climatologic 620 effects) factors that would explain the long-term tendency and particular events revealed by our analysis. 
